ABSTRACT In wireless networks, the performance is degraded by the intensity of the interference received from concurrent transmissions. Considering a stochastic cache-enabled network where some users have caching ability to store the most popular packets, we propose a novel interference management scheme to eliminate the interference by exploiting the content diversity. First, cache-enabled users can exploit cached packets as side information to cancel the interference. Second, considering that different access points may transmit the same contents to different users simultaneously, they should be regarded as useful signals rather than interference. The performance improvement with these two content diversity schemes is theoretically analyzed in this paper. The probabilities for the interference cancellation case and the signal enhancement case are derived, respectively, followed by the investigation of the signal to interference plus noise ratio improvement with our proposed content diversity schemes. Based on this, the effective content capacity of the system is analyzed. In addition to the simulations to validate the accuracy of the theoretical analysis, the impacts of caching ability and the proposed interference management schemes on the effective content capacity are investigated.
I. INTRODUCTION
Due to the tractability of stochastic geometry, it has been widely used to analyze the performance of cellular networks. Poisson Point Process (PPP) is a good tool to model the positions of different nodes, such as massive access points (APs) and users. The accuracy and tractability of PPP are characterized in [1] and [2] , while full loaded cells are assumed. A PPP-based flexible and tractable model for multitier multiple-input-multiple-output (MIMO) heterogeneous networks is proposed in [3] with the technique of fractional frequency reuse, and the downlink coverage probability is evaluated.
In a wireless environment where mobile and fixed nodes are densely deployed, interference management is critical for all nodes to achieve acceptable system performance. [4] developed a transmit power adaptation method using game theory to reduce co-channel interference in heterogeneous networks. An interference management algorithm is provided in [5] to maximize the performance of device-to-device (D2D) communication by means of admission control and power allocation. The algorithm ensures that the cellular communications are not affected by the interference from D2D communication. The authors in [6] uses massive MIMO to jointly maximize the offloading gains and minimize the interference arising from the newly deployed small cells. However, the aggregate interferences are all managed by some novel radio resource management approaches. In this paper, we consider to reduce the interference in physical layer by means of signal processing approaches. A region with a fixed radius is introduced to eliminate the serious interference. In the region of each AP, only one AP can transmit its packets on the channel and the other adjacent APs will keep silent without generating interference.
Moreover, from the perspective of the service layer, despite of the tremendously total amount of the mobile data traffic, only a few of the contents are frequently accessed.
The majority of the users are interested in a few most popular contents during a period of time [7] . Thus caching the most popular contents in some nodes of the network can reduce the redundant radio accesses and the duplicated transmissions [8] . The pivotal role of the caching technology in the 5G wireless network is elaborated in [8] and [9] . Cachebased content delivery in a three-tier heterogeneous network is proposed and analyzed in [10] , where the average ergodic rate and outage probability in the downlink as well as the throughput and delay are theoretically analyzed. In this paper, popular packets are pre-cached at some users when the network is off-peak. If these users request for packets which they have already cached, they do not establish connections with APs, which saves the spectrum resource of APs and improves the capacity of the total network. Considering that some packets transmitted by some APs may be cached at some other users, and different APs may transmit the same packet, the degree of freedom from the content point of view exsits. Therefore, in order to exploit such degree of freedom, we propose a novel content diversity scheme which can efficiently improve the spectrum usage and enhance the received signal quality. Interference can be reduced and desired signal can be enhanced at the receivers.
In this paper, a novel interference management scheme is proposed for the cache-enabled network by exploiting the content diversity. Interference cancellation by using the cached content and signal enhancement by receiving the same packet from different APs are performed at the receivers. The main contributions of this paper are summarized as follows,
• Spectrum usage enhancement by interference cancellation at the receiver to exploit content diversity: Cache-enabled users can exploit cached packets as local information to cancel interference. When APs associated with cache-untenable users are transmitting cached packets, they can cause no interference to cache-enabled users.
• Spectrum usage improvement by signal enhancement from different APs for the same content: Users are cognitive to the transmitting signals. If there are interfering APs transmitting the packet desired by the user, the user superposes the corresponding interference to the signal from the serving AP. Therefore, some interference is turned to useful signals and content diversity is exploited.
• Theoretical analysis of the stochastic networks with content cache and diversity: The randomness of the node locations are modeled as mutually independent PPPs. Then the intensity of simultaneously active nodes as well as the outage probabilities of different kinds of nodes are derived, based on the content diversity. The impacts of caching technology on the system performance in terms of the effective content capacity and the packet loss rate are evaluated, and simulation results validate our analysis. The remainder of this paper is organized as follows. Section II introduces the system model. In Section III, we formulate the problem of AP-active probability and derive the effective content capacity based on this probability. The simulation results are demonstrated in Section IV to verify the analytical results. Section V concludes this paper.
II. SYSTEM MODEL A. NETWORK TOPOLOGY AND INTERFERENCE SUPPRESSION
Consider a large-scale 2-D plane, where the users and APs are spatially distributed with two mutually independent homogeneous PPPs whose intensities are λ 1 and λ 2 , respectively. Each user associates with the AP providing the highest longterm average received signal strength, namely the AP cells form the Voronoi tessellation on the plane.
Suppose users request packets from a content delivery server and all different packets form a library L
Each packet has the same size T [bits] and each user requests one packet randomly in each time. Different packets are requested by the users and modeled with the packet popularity distribution of
Without loss of generality, we assume packet l i has the popularity f i and
Consider a portion α (0 < α < 1) of users are cacheenabled and all of them have a limited caching storage, whose size is M × T [bits] (M < L). In this paper, M most popular packets are pre-cached at the cache-enabled users by broadcasting or other methods in off-peak time. Denote the cache hit rate of the cache-enabled users as β = M i=1 f i . Then when the requested packet is cached in the user device, the packet can be accessed immediately from the local caching and the AP need not respond to the request, i.e. the wireless link could be used by the AP to transmit packets for other users. It makes the spectrum usage improved.
In order to eliminate the large portion of interference which is generated from the neighboring APs, we employ an interference suppression region to avoid co-channel interference from adjacent APs. The region is centered at the AP and with radius R. Accordingly, the area of the interference suppression region is A = π R 2 . In each interference suppression region, the APs with packet to transmit opportunistically share and compete for the wireless channel with equal probability. Only one AP can transmit its packets at a time, and the other APs failing to access the channel in this region keep silent.
Moreover, considering there are cases that 1) one AP may transmit packet which has been stored in some cache-enabled users to cache-untenable users, 2) the same packet may be transmitted by different APs simultaneously, content diversity can be exploited via the following schemes.
For the case 1), we assume that, before interfering APs transmit packets which have been cached in the cacheenabled users, the cache-enabled users can be informed of the packet indexes via extra interactive signals [11] . Therefore, the interference from these APs can be eliminated by cache-enabled users with the side information, as illustrated in Fig. 1 . In this case, other APs can be allowed to transmit their packets in the suppression region of a selected AP as long as they cause no interference to its receivers.
For the case 2), as shown in Fig. 1 , if interfering APs are transmitting the same packet desired by the receiver, the receiver can superpose the corresponding interference to the desired signal so that it turns some interference to useful signals. In this case, there can be more than one APs transmitting packets within each interference suppression region, which enhances the signal quality at receivers as well as improves the spectrum utilization by the spectrum reusing within the region.
B. TRANSMISSION PROTOCOL WITH CONTENT DIVERSITY
Consider a discrete time system, where the time axis is divided into equal slots with duration τ [seconds]. It is assumed that in each slot the AP is scheduled to transmit one packet with power P. The packet request rate of each user is considered to be independent identically distributed. Assume the request of each user is triggered according to Poisson process with parameter λ [packets/seconds]. Suppose each AP has a buffer of infinite size and requests are queued in the buffers until they can be served, and they are served on a first-in-first-out bias.
C. NODE STATE TRANSITION MODEL
According to [11] , when there are n users in the coverage of an AP, the packets arriving at the AP can still be modeled by the Poisson process with parameter λ n = (1 − αβ)nλ. Therefore, the probability that there are i packets arriving at the AP (denoted as a i ) in a slot is,
The node state transition model of the AP is shown in Fig. 1 , where state j (j = 0, 1, · · · ) represents the case that the AP has j packets to transmit, and µ is the service rate of the AP, which represents the probability that the AP successfully obtains the channel access opportunity. Then the state transition matrix can be calculated by (2) , as shown at the top of next page.
Denote the stationary distribution of this Markov chain
, where π 0 is the AP-empty probability indicating that there is no packet to be transmitted at the AP, and π i (i = 1, 2, · · · ) is the probability that there are i packets to be transmitted. According to the definition of the stationary distribution of Markov chain, we have the following equations,
where
The first equation can be expanded as a series of equations in the same form as following,
where π i is the row vector consisting of the first i+1 elements of π, A i = B i + C i where B i is the vector expressed as
and C i is the (i+1)×1 vector, whose elements are all 0 except that the i-th element is −1. Therefore, by solving equation (4), we can express π i (i 1) in terms of π 0 as following,
By substituting (6) into the second equation of (3), we can derive the relationship between µ and π 0 , on condition that the number of users associated with the AP is n. Denote the relationship as µ = g(π 0 , n). Therefore, we can obtain the expectation of µ, with respect to n by
where p n is the probability that there are n users associated with the AP. VOLUME 5, 2017
According to [12] and with the property of PPP, the size of the Voronoi cell area is a random variable, and the probability mass function of the number of users N associated with a typical AP cell is
where K = 3.575 is a constant and (·) is the gamma function.
Substituting (8) into (7), one obtains
III. EFFECTIVE CONTENT CAPACITY
In this section, we aim to derive the effective content capacity of the whole system, which is defined as the number of packets that all the users receive in a unit time per unit area. In order to analyze this metric, we should first obtain the intensity of the active APs as well as the successful transmission probability. The former can be modeled as a thinning PPP based on the AP-active probability.
A. AP-ACTIVE PROBABILITY
In each slot, all the APs are divided into three types. Type-I represents the APs whose serving users are cacheenabled and they request for packets which are not cached. Type-II and Type-III represent the APs whose serving users are cache-untenable and they request for packets which are cached and uncached in cache-enabled users, respectively. At the beginning of each slot, two steps are performed for APs to access the channel:
• Step 1: Scheduling the Type-I and Type-III APs to opportunistically share the channel. In the suppression region of each AP, only one AP can obtain the channel access opportunity.
• Step 2: Scheduling the Type-II APs to opportunistically share the channel. If the active Type-II APs are in the suppression regions of the active Type-III APs, they will lose the channel access opportunity. Based on the classification of the APs, we have the following proposition, 1−αβ λ 2 respectively. Proof: For a randomly selected user, the probability that it does not need to request for a packet from an AP is αβ. Therefore, it will request for packets from the APs with probability 1 − αβ. In detail, the probabilities that it requests for packets from the Type-I, Type-II and Type-III APs are α(1 − β), (1 − α)β and (1 − α)(1 − β) respectively. By normalizing the probability, we can get the conclusion.
For the Type-I and Type-III APs, the service rate of them can be calculated as follows,
Then we have the following proposition, Proposition 2: The expectation of service rate µ is,
Proof: Let x = 1−π 0 π 0 , and denote the second sum expression of (10) as f (x), i.e.,
Taking the derivative of f (x) with respect to x, we have
Step (a) is obtained according to the binomial expansion. Taking the integral of the equation above, we get
Substituting (14) in (10), we obtain 
Step (b) is obtained according to the Taylor expansion.
Step (c) is obtained by substituting x = 1−π 0 π 0 into the expression. Then the proof is finished.
Based on the derivations above, we can get the active probability of the Type-I and Type-III APs, which indicates the percentage of the Type-I and Type-III APs. It can be calculated by
Therefore, we can obtain the densities of the active Type-I and Type-III APs as
and,
respectively. For the Type-II APs, the probability that there are no active Type-III APs in the suppression region is
Therefore, the service rate of the Type-II APs is
Then this probability can be simplified as
Consider the fact that an AP belongs to Type-I and Type-III with the probability 
As (9) and (22) are for the expectation of µ from different perspectives, they should be equal, i.e.,
With (23), we obtain the value of the AP-empty probability π 0 of a randomly selected AP. We then have the following proposition, Proposition 3: The AP-active probability P ac is given by
Proof: An AP is active only if it has packet to transmit and it obtains the channel access opportunity. Based on the conditional probability formula, we have
Then the proof is finished.
B. SUCCESSFUL TRANSMISSION PROBABILITY
It is assumed that a packet is successfully transmitted when it can be transmitted completely during the slot it uses. Thus we define the successful transmission probability p according to its received signal to interference plus noise ratio (SINR) as
where B is the bandwidth. DenoteT 2 T τ B − 1 hereafter. Given the AP-active probability of an arbitrary AP, the interfering APs can be modeled as a thinning PPP outside the interference suppression region with intensity P ac λ 2 . VOLUME 5, 2017
1) SUCCESSFUL TRANSMISSION PROBABILITY FOR CACHE-ENABLED USERS WITH INTERFERENCE CANCELLATION
For a randomly selected user, it will sense the signals nearby before receiving packets to see whether there is another same signal as it desires. Denote the probability that there is another AP transmitting the same packet as a given Type-I or Type-III AP as
whereÃ is the sensing area of each user. Similarly, for the Type-II APs, the probability that there is another AP transmitting the same packet is
For a cache-enabled user, if there are no other APs transmitting the same packet as its serving AP (with probability 1−γ 1 ), the interferers are the Type-I and Type-III APs except for its serving AP. Therefore, we have
where |h| 2 ∼ exp (1) is the Rayleigh channel fading and η ≥ 2 is the path-loss exponent, R c is the distance between the given AP and its serving user, I is the cumulative interference from the interfering APs and σ 2 is the variance of the zeromean additive Gaussian noise, L I 1 (·) is the Laplace transform of the probability density function (pdf) of the interference. Following [12] , we obtain
For η = 4, we show that
2) SUCCESSFUL TRANSMISSION PROBABILITY FOR CACHE-ENABLED USERS WITH SIGNAL ENHANCEMENT
denote the pdf of the SINR of a user in the case above. If there is another AP transmitting the same packet as its serving AP (with probability γ 1 ), the interferers are the Type-I and Type-III APs except for its serving AP and this AP. Here, we only consider the situation that two APs are transmitting the same packets because the probability of more than two APs transmitting the same packets within one slot is very small. Therefore, we can derive the cumulative density function (cdf) of the SINR in this case as following,
where f 2 (·) is the pdf of SINR 2 and can be derived by taking the derivative of the following equation with respect toT ,
In this case, the probability that a given user can achieve the SINR thresholdT is p c2 = 1 − F c2 (T ).
3) SUCCESSFUL TRANSMISSION PROBABILITY FOR CACHE-UNTENABLE USERS WITH INTERFERENCE CANCELLATION
For a cache-untenable user, the interferers are all the APs except for its serving AP. Therefore, we have
where L I (·) is the Laplace transform of the pdf of the interference. Following [12] , for cache-untenable users associated with Type-III APs, the Laplace transform of the pdf of the interference can be calculated by
Substituting (35) into (34), we get the expression of the successful transmission probability of the Type-III APs with interference cancellation, denoted as p u31 . For cache-untenable users associated with the Type-II APs, the Laplace transform of the pdf of the interference can be approximated by
where step (a) is obtained by changing variables
Substituting (37) into (34), we get the expression of the successful transmission probability of the Type-II APs with interference cancellation, denoted as p u21 .
4) SUCCESSFUL TRANSMISSION PROBABILITY FOR CACHE-UNTENABLE USERS WITH SIGNAL ENHANCEMENT
Denote p u22 , p u32 as the successful transmission probability of the Type-II and Type-III APs with signal enhancement, respectively. Then we can obtain the expressions of them using the similar method in 2) and the results are omitted here.
C. EFFECTIVE CONTENT CAPACITY
Define the effective content capacity as the number of packets that all the users receive in a unit time per unit area. This effective content capacity C can be divided into two parts: 1) the capacity due to the interference suppression mechanism (packets transmitted from APs) C 1 and 2) the capacity due to the caching ability of some users (packets transmitted from the cache) C 2 .
As for C 1 , it is influenced by the three different types of APs. For users connected with the Type-I APs, if no signal enhancement happens (with probability 1 − γ 1 ), the content capacity is P ac λ 21 p c1 /τ ; else, the content capacity is P ac λ 21 p c2 /τ (with probability γ 1 ). Therefore, the content capacity from the Type-I APs is P ac λ 21 [(1 − γ 1 )p c1 + γ 1 p c2 ]/τ . Similarly, the content capacities from the Type-III and Type-III APs are P ac λ 22 [(1 − γ 2 )p u21 + γ 2 p u22 ]/τ and P ac λ 23 [(1 − γ 1 )p u31 + γ 1 p u32 ]/τ , respectively. Then we can derive the expression of C 1 as following,
As for C 2 , it can be easily calculated by
Therefore, the total effective content capacity is
IV. NUMERICAL RESULTS
In this section, we verify the analytical results of the AP-active probability and the effective content capacity with Monte-Carlo simulations. The simulation results are obtained in a square area of 2km × 2km and the number of simulation slots is 500. Typical parameters are listed in Table I unless noted otherwise. First, we conduct the simulation to verify the impacts of caching ability (the proportion of cache-enabled users α) on the effective content capacity. In Fig. 3 , it can be observed that the simulation results are well consistent with the analytical results, which validates the accuracy of our theoretical analysis. Also it can be seen that the effective content capacity increases with the increase of α. As we can see from the black curves, α has little influence on C 1 . This is due to the interference suppression strategy that only one AP has the opportunity to access the channel in a fixed region. Therefore, the total number of active APs almost stays the same. In addition, based on (40), C 2 increases with larger α linearly. When the portion of cache-enabled users increases, more users can get a service locally rather than connect with an AP. Therefore, the total capacity increases. Moreover, we compare our results with the case that the interference cancellation and signal enhancement are not conducted at the receivers (conventional scheme). When α = 0.4, the improvement of the effective content capacity is about 25%. On one hand, it is shown that C 1 decreases with the increase of R. This is because larger R implies that more APs keep silent in one slot. More APs with packets to transmit cannot obtain the channel access opportunity and fewer packets can be delivered to users. On the other hand, C 2 remains unchanged no matter how large the region is. This is due to the fact that the proportion of cache-enabled users, the cache hit rate, the slot duration and the user density is fixed. When cache-enabled users request for packets which have already been stored locally, they will not access to any AP to obtain packets. Therefore, the interference suppression region has no influence on C 2 .
V. CONCLUSION
In this paper, we aim to model and evaluate the performance of cache-enabled stochastic networks where the caching ability is available in some of the users. An interference suppression region is introduced to manage the interference from adjacent nodes. Exploiting the cached packets as side information, users can cancel the interference from some APs and more APs are allowed to transmit. Moreover, signal can be enhanced at the receiver if there is another AP nearby transmitting the same signal. Considering these two factors, we propose a novel analysis on the intensity of the active transmitting APs, which is affected by the packet request rate, the interference suppression region and the caching ability. The effective content capacity due to interference suppression mechanism and the caching ability of some users is further elaborated. Simulation results well validate our analysis.
